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ABSTRACT
The effects of mortality factors on productivity and 
their interactions with breeding constraints were examined in 
a residential colony of yellow-crowned night herons 
(Nycticorax violacea). Predation by crows and mammals, wind 
and natural endogenous forces all contributed to both 
mortality and productivity losses. A difference was observed 
in the relative effects on productivity of the different 
causes of mortality. This discrepancy is thought to be 
caused by the interaction of mortality factors with different 
replacement constraints.
Three patterns of productivity losses were examined. 
These included partial clutch or brood losses, single 
complete clutch or brood losses, and successive complete 
clutch or brood losses. Results indicate that time and 
female condition act as replacement constraints. Breeding 
time boundaries were approximated by clutch initiation ranges 
and time-dependent recycling proportions. These values along 
with predation data were used to derive a computer simulation 
model designed to investigate the effects of laying and 
predation organization on productivity. Simulation results 
indicated an inverse relationship between the span of laying 
and hatching success. Simulations also indicated that laying 
early may increase hatching success under severe predation 
pressures.
THE EFFECTS OF MORTALITY AND TIME CONSTRAINTS ON 
PRODUCTIVITY IN YELLOW-CROWNED NIGHT HERONS 
(Nycticorax violacea)
Introduction
The status of northern populations of the yellow-crowned 
night heron (Nycticorax violacea) is currently not well 
known. A survey conducted by the non-game division of The 
Virginia Department of Game and Inland Fisheries, during the 
spring and summer of 1987, revealed a known Virginia breeding 
population of 207 pairs (Byrd 1987). Over 80% of this 
population was located in residential situations.
Historically, the most intensively surveyed Virginia 
population has been that located on the lower Lafayette river 
in Norfolk. This population has declined from 45 pairs in 
1963 to only 2 pairs in 1987. Information available for 
populations located on other drainages suggests similar 
downward trends (Byrd 1987). Both the loss of foraging areas 
and the intentional disruption of nesting pairs are thought 
to be principal factors contributing to this decline.
Loss of Foraging Areas
It has been well documented that yellow-crowned night 
herons utilize salt marshes and shallow water edges as 
foraging areas (Hancock and Kushlan 1984). During the 1986 
and 1987 breeding seasons over 2100 crab claws were collected
-2 -
3and identified to species by Watts as a preliminary food 
habits study (summarized in Appendix A). These claws were 
collected under nests located on five Virginia tidewater 
drainages and so are reflective of Virginia crab species 
utilized during nesting. Ninety four percent of the claws 
identified were of species specific to shallow tidal salt 
marshes (Crane 1975). These results indicate that salt 
marshes are important foraging areas during the breeding 
season. Studies of more southerly populations have produced 
similar results (Bowdish 1902, Reigner 1982).
The channel dredging, bulkheading and wetland filling 
associated with the development of waterfront property, has 
eliminated many of the historic saltmarsh foraging areas. 
This activity has undoubtedly reduced food availability and 
concentrated the breeding population around remaining tidal 
marshes.
Intentional Disruption
In developed areas where yellow-crowned night heron 
colonies are concentrated, conflicts often arise between 
heron and human populations. These conflicts typically end 
with the abandonment of nest sites following continual 
harassment or the removal of nest limbs. As waterfront
4development continues, the frequency and scale of these 
conflicts is likely to escalate. The difficulties associated 
with this situation pose unique management problems. If 
nesting pairs are to be relocated to areas with lower 
potential for conflict, then care must be taken to minimize 
the impacts on productivity during the relocation process. 
The purpose of this investigation is to evaluate the effects 
of natural mortality forces on productivity in a residential 
population. It is hoped that knowledge gained here may be 
used to formulate better directives in future management.
Study Species
The subject of this study is the yellow-crowned night 
heron (Nycticorax violacea). This species breeds in coastal, 
and eastern North, Central and South America and has recently 
extended inland in the southern United States (Hancock and 
Kushlan 1984, Palmer 1962). Nesting substrate is varied, 
ranging from tall pines to mangroves as well as rock ledges 
on tropical islands (Bent 1926). It is a dietary specialist 
(Bowdish 1902, Watts unpub. data) on crustaceans with 
estimates of crabs (principally of the genus Uca)
5representing up to 98% of the diet (Palmer 1962). Southern 
subspecies are thought to be sedentery with only the most 
northern (ssp. violacea) migratory. Northern populations 
arrive on breeding grounds in late March and begin moving 
south in early September (Bent 1926). Both the reduced 
winter range in violacea and the discrepancy in migration 
between subspecies may be due to the unavailability of crabs 
during the winter in northern areas of the summer breeding 
range.
METHODS
The data reported here were collected during the 
breeding season in the years from 1960 to 1969 by Mrs. 
Colgate W. Darden. The heronry, which declined from 19 prs. 
in 1960 to 5 prs. in 1969 (see Fig. 1), was scattered over 
a 1 hectare area located on the Lafayette River estuary in 
Norfolk, Virginia (36 54 lat., 76 17 long.), (Fig. 2).
Herons formed a loose colony and nested exclusively in 70-80 
year old loblolly pines (Pinus taeda). Nests were coded 
individually upon construction and observed one to several 
times daily throughout the entire breeding period.
Fig. 1. Colony size by year.
CO
LO
NY
 
SI
ZE
6
oo £ ! Q  co
saivd ONicaaua
CN
19
60
 
19
61
 
19
62
 
19
63
 
196
4 
19
65
 
19
66
 
19
67
 
19
68
 
19
69
YE
AR
S
Fig. 2. Location of Darden colony at Flicker Point 
on the Lafayette River (Lafayette drains into the 
Elizabeth River).
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8Data Collected
Clutch Size
Clutch size over the ten year observation period was 
determined by visual observation when possible. When direct 
visual counting was not possible, back calculations were made 
by summing all lost eggs and or young assigned to a specific 
nest and all observed live young in a single breeding 
attempt. Lost eggs or young were assigned to nests based 
primarily on their proximity to nests with known eggs or 
young missing, but also by comparison of the developmental 
stage to that expected for individual nests. Because of the 
distance between nests and the staggered timing of egg 
losses, very little opportunity for misassignment occurred. 
Data from pairs losing eggs before a regular incubation 
pattern was established were not used in the analysis of 
clutch size.
Causes of Mortality
The mode of egg mortality was determined by visual 
observation, the appearance of nests, and the examination of 
shell remains. The causes of egg mortality were assessed as
9follows: (a) nest disturbed, egg eaten with crushed shell:
raccoon or opossum predator, (b) nest undisturbed and egg 
eaten but shell mostly whole usually with bill entrance hole: 
crow predator, (c) nest disturbed, egg lost but uneaten, and 
preceded by severe weather: wind loss, (d) nest undisturbed,
egg lost but uneaten and undeveloped: infertile. Lost eggs
were assigned to nests as discussed earlier.
The cause of young mortality was also determined by the 
appearance of nests, visual observation, the occurence of 
predators in the colony and the examination of the remains of 
young when present. The causes of mortality were (a) nest 
disturbed, raccoons or opossums observed in colony, young 
completely missing or mostly eaten: mammal predator, (b)
nest undisturbed, crows observed in colony, young completely 
missing or mostly eaten: crow predator, (c) nest disturbed,
young found on ground usually with nest, preceded by severe 
weather: wind loss, (d) nest undisturbed, young dead on nest
or ground but uneaten: other natural loss. In the last
case, natural losses could be due to starvation, fall from 
nest or death at hatching. Because some young begin to 
fledge as early as 25 days after hatching, mortality could 
only be determined up to this age. However, predation was 
only observed to occur up to 10 days after hatching, 
presumably because young older than 10 days were too large to
10
be easily taken by predators.
Activity Periods
Criteria for the separation of 5 activity periods
(establishment, nest building, incubation, brooding, 
post-fledging) were established and pertinent dates recorded. 
Establishment was considered to be the time interval between
the pair arrival date and the first day nest building was
observed. Arrival dates reflect colony occupation only which 
may not coincide with arrival in the regional area. The nest 
building period was that time between the starting or 
repairing of a nest and nest completion or the time when a 
regular incubation pattern was observed. On several 
occasions, minor nest building activity was observed after 
the onset of incubation but this time was excluded.
Incubation was defined as the period bordered by the 
beginning of a regular incubation pattern and the date of 
hatching. Clutch initiation dates were estimated by 
backdating from the start of incubation and allowing 2 days 
for each egg present (Hancock and Kushlan 1984). Hatching 
dates were recorded as the first day young were seen and or 
the date when a pattern of behavioral change was observed in
11
the parents (at or soon after hatching intermittent crouching 
over the nest is commonly observed, pers. obs.). The 
brooding interval was defined as the time between the 
hatching date and the estimated fledging date. Young were 
said to have fledged when their first long distance flight 
was observed or when birds began to disappear for short time 
periods. Because no young were marked, the earliest fledging 
date recorded was applied to all young of the brood. The 
time segment from the fledging date to the date of nest 
abandonment was termed the post-fledging period. After 
fledging, young typically travel between the nest site and 
feeding areas, returning frequently to loaf and sleep near 
the nest site. Though parents may not be seen regularly, 
young often continue this behavior for weeks. The date of 
colony site abandonment was that time beyond which young were 
never again observed at the nest site. This interval, like 
establishment, only reflects colony occupation.
SECTION 1
Effects of Clutch Size on Productivity
Introduction
It has been shown for various species that clutch size 
may vary with time in season, (Barry 1962, Coulson & White 
1958, Kluijver 1951, Perrins 1970) food abundance, (Bengtson 
1971, Hogstedt 1981, Klomp 1970) competition for food (Hunt 
et al. 1986), habitat quality (Kluijver 1951, Perrins 1965) 
and clutch number (Kluijver 1951, Perrins 1965, 1970).
Because potential productivity is ultimately determined by 
clutch size it is possible that variance in mean clutch size 
between years may affect colony production. Potential 
productivity is used here to refer to the maximum number of 
young which could potentially be produced from the number of 
eggs laid, and not the intrinsic rate of growth (r). The 
purpose of this section is to examine clutch size and to 
evaluate its effect, if any, on the between year variance in 
productivity.
Results
Two hundred and eight complete clutches were observed 
over the 10 year period including 16 two-egg clutches, 104 
three-egg clutches, 58 four-egg clutches, and 30 five-egg
-1 2 -
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clutches. Taken together, these clutches resulted in a mean 
clutch size of 3.46 + 0.814 eggs. Mean clutch sizes of
individual years are presented in Fig. 1.1. No significant 
difference was observed in mean clutch size between years (P 
> .05, oneway-ANOVA), and further no relationship between 
mean clutch size and the mean number of young fledged per 
pair was evident.
The size of 136 first clutches, 56 second clutches and 
16 third clutches were also evaluated for possible 
differences in size related to clutch sequence. The mean 
clutch size of successive clutches is presented in Fig. 1.2. 
No significant difference in the mean clutch size related to 
clutch sequence was shown (P > .05, oneway-ANOVA).
Discussion
It is not at all suprising that no significant 
difference in the mean clutch size was evident between years 
or between successive clutches. Though these trends have 
been demonstrated in some species, they have not been 
demonstrated for all those investigated (Owen 1959). 
Discrepancies between species may be due to the variation in 
long term stability of food resources and other environmental 
conditions. Clutch size in this species does not appear to
Fig. 1.1. Mean clutch size by year. Vertical 
line represents 1 S.D. unit above and below the 
mean (ns, P < .05, one-way ANOVA).
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vary enough between or within years to cause a substantial 
difference in potential productivity. For this reason it is 
not thought to be a contributing factor to the observed 
yearly fluctuation in productivity per pair.
Other studies have also shown that environmental 
conditions and clutch sequence may affect egg size or clutch 
weight (Coulson 1963, Hogstedt 1981, Perrins 1970, Thompson 
et al. 1986). Because no egg weights were obtained, this 
possibility could not be addressed. However, although some 
studies indicate post-fledging mortality may be related to 
egg weight (Perrins 1965), no studies have shown a reduction 
in pre-fledging survivorship. This specific relationship has 
not been studied in this species. If other bird species are 
any indication it is unlikely that a possible variation in 
clutch weight between years could account for the variance in 
fledglings produced per pair, which is the result of patterns 
in pre-fledging mortality as discussed in section 2.
SECTION 2
Mortality Causes and Their Effects on Productivity
Introduction
The degree to which a breeding pair will realize its 
reproductive potential in a given year depends on a complex 
of interacting intrinsic and extrinsic factors. For a 
particular species, environmental conditions (Makepeace & 
Patterson 1980), food abundance (Owen 1959, Harris 1969), 
predation (Goransson et al. 1975, Gotmark & Andersson 1984, 
Shields & Parnell 1986, Woolfenden 1978), infertility (Low 
1941, Ricklefs 1969), or a number of other factors may reduce 
productivity. Some forces may weigh more heavily than others 
in terms of their selective effects on a particular 
population (Nisbet 1975). The isolation of all mortality 
factors and the determination of their direct and interactive 
effects on productivity is clearly a primary objective common 
to all studies of population dynamics. The purpose of this 
section is to identify the causes of egg and young mortality, 
to quantify their effects on productivity, and to examine 
their interactions with breeding constraints.
-1 7 -
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Results
Of 141 pairs which made breeding attempts over the 10 
year period, 90 (63.8%) successfully raised young to fledging 
age. This includes 14 (15.4%) pairs raising 1 young, 20
(22.0%) pairs raising 2 young, 34 (37.4%) pairs raising 3
young, 21 (23.0%) pairs raising 4 young, and 2 (2.0%) pairs
raising 5 young. Hatching and fledging success, of at least
1 young, varied between years from 26% to 77% (X = 48 + 16%)
and 13% to 69% (X = 34 + 16%), respectively (Table 2.1.). Of 
all eggs produced, 34.7% constituted replacement clutches 
laid after a complete clutch or brood loss. Young fledged 
per pair was also inconsistent, varying from 0.62 in 1965 to 
3.05 in 1962 (X = 1.11 + 0.66) as shown in Table 2.1.
Four general causes of egg and young mortality were 
observed over the study period. Those included predation by 
fish crows (Corvus ossifragus), predation by mammals, wind 
losses and losses due to other natural causes. Two mammals 
(raccoon, Procyon lotor and opossum, Didelphis marsupialis) 
were known to take both eggs and young periodically but their 
effects on mortality were considered jointly. Natural
mortality caused by other forces included egg and young
losses due to infertility, accidental egg breakage, nest
19
Table 2.1. Nesting success by year, based on number of eggs produced. 
Year No. Eggs No. Hatched No. Fledged % Success Fledg/Pair
1960 87 52 40 46 2.35
1961 89 43 31 35 1.63
1962 75 58 52 69 3.06
1963 82 37 24 29 1.50
1964 85 35 27 32 1.93
1965 63 31 8 13 .62
1966 80 21 19 24 1.36
1967 78 28 27 35 2.25
1968 72 24 11 15 .92
1969 24 16 11 46 2.20
20
abandonment, starvation, sibling aggression, and accidental 
falling. Table 2.2 shows the fates of 394 eggs lost and 
Table 2.3 the fates of 92 lost young.
Predation was responsible for 83.5% of all losses 
although losses were not equally distributed among predator 
groups nor developmental stages. Seventy six percent of all 
eggs taken were eaten by crows whereas 100% of all young 
taken were eaten by mammals, suggesting that crows were very 
selective predators while raccoons and opposums seemed to eat 
whatever was present at the time of invasion. Figure 2.1 
shows the percentage of both egg and young mortality caused 
by predation. The percentage of young lost to predation is 
very inconsistent which may indicate that raccoon predation 
is erratic between years. Because the majority of 
predation-related egg losses were caused by crows, it appears 
that crow predation is comparatively more consistent.
In terms of the total mortality, wind and other natural 
losses made only minor impacts. When considered together, 
however, they represent a significant (62%) portion of the 
total brood losses. Like mammalian predation, wind losses 
appear to be extremely erratic but may have devastating 
impacts on productivity in individual years. On June 15 of 
1965, 17 of 24 young present were lost in a severe storm, 
reducing productivity to 0.62 young per pair. Other losses
Year
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
Total
21
Causes of egg mortality.
Crow Mammal Wind Other
18 16 0 0
43 1 0 3
16 0 1 0
35 7 0 1
49 5 1 0
23 9 0 0
43 5 3 5
32 18 0 0
33 5 8 1
6 7 0 0
298 73 13 10
75.6 18.5 3.3 2.5
Year
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
Total
22
Causes of young mortality.
Crow Mammal Wind Other
0 11 0 1
0 7 0 4
0 0 2 4
0 3 0 9
0 3 0 5
0 3 17 3
0 0 0 5
0 0 0 1
0 8 0 3
0 0 0 3
0 35 19 38
0 38.0 20.7 41.3
Fig. 2.1. The percent of mortality explained by 
predation of crows and mammals combined (solid line 
represents egg predation, broken line represents 
chick predation).
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explained few egg deaths but were a consistent and
significant source of young losses.
Effects of Mortality on Productivity
In species which frequently recycle after a clutch or 
brood loss but only raise 1 brood annually, mortality 
information alone may not adequately reflect impacts on 
productivity. If all losses are successfully replaced then 
no impact on the present years productivity has been made. 
Mortality only bears on production when losses are not 
successfully replaced.
I define colony production potential as the sum of the 
largest clutches laid by each pair in each year. This
eliminates replacement eggs produced which would overestimate
potential pair production. This value was used to assess the
impact of different mortality factors on productivity.
Of 486 eggs and young lost, some of which represent 
replacements, only 263 (54.1%) resulted in productivity
losses. The contribution of each mortality factor to 
productivity losses is shown in Table 2.4. Though natural 
losses only accounted for 9.9% of the mortality they 
explained a significantly greater portion (17.2%) of the
Year
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
Total
25
Impacts of mortality factors on productivity. 
Crow Mammal Wind Other
6 14 0 1
22 4 0 5
11 0 1 6
19 5 0 8
24 0 0 3
18 3 17 3
18 5 2 10
12 1 0 1
18 10 4 5
2 2 0 3
150 44 24 45
57.0 16.7 9.1 17.2
26
losses in productivity (P < .01, Fisher's Exact Test for
Independence). Differences in the other defined mortality 
factors were also evident (crow - 61.3% vs 56.7%, mammals 
22.2% vs 16.5%, wind - 6.6% vs 9.2%). The apparent lack of 
agreement was caused by the variability between factors in 
the proportion of mortality which directly reduced 
productivity. Nearly all natural losses (93.8%) impacted on 
production as compared to only 50.3% of mortality due to crow 
predation.
Mortality Patterns Resulting in Productivity Losses
Aside from the effects of different mortality 
factors on productivity there emerged three general patterns 
of productivity losses over the study period.
1. Partial Clutch or Brood Loss 
It has been generally shown in bird species studied, 
that anything short of a total removal of a completed clutch, 
results in no replacement of lost eggs (Davis 1955, Taylor 
1962, Tuck 1960, Weidmann 1956, Welty 1982). In this 
species, no replacement of partial losses was observed. This 
type of loss represented one of the two largest losses to
27
productivity as shown by Table 2.5. The principal mortality 
factors causing these losses were partial clutch consumption 
by crows (65%) and natural young deaths (32%). Mammal 
predation played no role in this loss as all successful 
mammal attacks resulted in complete clutch or brood 
consumption.
2. Multiple Clutch or Brood Losses 
In many instances it seemed evident that multiple 
predation bouts served to delay pairs beyond acceptable 
breeding periods or time boundaries. Table 2.5 shows the 
number of eggs or young not replaced after 2 - 5  complete 
losses to crows or mammals or both. Although crows took the 
greater number of clutches, mammals and crows acted together 
in many cases to extend breeding to near or beyond the 
proposed time boundary.
3. Single Clutch or Brood Loss 
Non-replacement was also observed to occur following a 
single, complete clutch loss. These clutch or brood losses 
accounted for 23.2% of all productivity losses (Table 2.5). 
Single losses affecting productivity were caused by all four 
mortality factors with crows, mammals, wind and other causes 
representing 36.0% 14.7%, 27.9% and 21.4% respectively.
28
Table 2.5. Potential productivity as measured by the sum of the 
largest clutches produced by each pair (units are in potential 
young fledged). Actual young fledged is expressed as realized 
productivity. Patterned losses are as discussed in text.
Poductivity Losses
Year Potential Realized Partial Multiple Sing!
1960 61 41 4 11 6
1961 62 31 12 15 4
1962 70 52 14 0 4
1963 56 24 11 11 10
1964 54 27 8 16 3
1965 49 8 13 7 21
1966 54 19 15 12 8
1967 41 27 5 9 0
1968 48 11 13 19 5
1969 18 11 5 2 0
Total 513 250 100 102 61
%  of Total 38.0 38.8 23.2
29
Temporal Aspects of Loss Patterns
The temporal distribution of the three patterns of loss 
observed is presented in figure 2.2. As expected there is no 
significant difference between the distribution of partial 
clutch or brood loss and the distribution of eggs and brood 
present over this time period as shown in figure 2.3 (P > 
.05, G-test). To test for time dependence, in both patterns 
of complete losses, an expected distribution of productivity 
losses for these two groups was computed using the temporal 
distribution of mortality resulting from complete losses (Fig 
2.4). If the effects of single and multiple complete losses 
on productivity was independent of time in season then no 
difference would be expected between the distribution of 
single or multiple patterns of productivity losses and that 
of the total mortality caused by complete losses. No 
significant difference between the distribution of 
productivity losses resulting from single clutch losses and 
that expected was observed (P > .05, G-test). This may be 
misleading because several of the pairs suffering losses 
before May 25 abandoned the colony site before June and so 
could have renested elsewhere. The distribution of
Fig. 2.2. Temporal distribution of productivity 
losses caused by each loss category.
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Fig. 2.3. Temporal distribution of eggs and young 
present in the colony area. Each number present 
represents 1 egg or young.
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productivity losses resulting from multiple complete losses 
was significantly different than that expected based on the 
total distribution of complete clutch or brood mortality (P < 
.05, G-test). This suggests that the impact of multiple 
predation bouts on productivity was time dependent. This 
conclusion is supported by the significant difference between 
the mean date of all predation related complete losses and 
the mean date of predation related productivity losses (P < 
.05, oneway ANOVA) as shown in figures 2.2 and 2.4.
DISCUSSION
Many different indices have been used to report nesting 
success and to assess the importance of forces acting to 
reduce that success. The number of fledglings produced per 
pair is an ultimate indicator of productivity and has been 
used extensively for that purpose. In many studies a record 
of the mortality attributed to various factors has been used 
to evaluate their impacts on overall productivity. This 
method is only adequate when a direct relationship exists 
between mortality and productivity losses. Certainly this is 
true of species laying single clutches and to a lesser extent
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multiple-brooded species. There are however, other species 
in which no direct relationship exists between these 
measures.
In species which only produce one brood annually but may 
recycle several times to achieve that end, an accounting of 
mortality causes alone may over or underestimate the 
importance of some factors. This is evident in the data 
presented.
Clearly the discrepancy between mortality and 
productivity effects resulted from the interaction of each 
mortality factor with constraints on replacement. Though 
nearly all previous discussions of replacement restrictions 
have dealt with the energetic needs of the female, this does 
not appear to be of major importance in this situation. 
Thirty eight percent of all productivity losses were due to 
partial egg or brood losses. These were not replaced because 
of the female's reproductive state. Due to the behavioral 
sequences necessary to bring the female back into laying 
condition it would not be feasible to replace eggs with some 
still remaining. Though partial clutch losses are generally 
dismissed as insignificant due to their small contributions 
to mortality, they may have more pronounced impacts on pair 
success. Here 100% of partial losses over the study period 
resulted in non-replacement.
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Much of the data presented suggests that time is also a 
replacement constraint. The decision to replace or not to 
replace complete losses seems to be dependent on the time in 
season. This is supported by both the recycling data and the 
clutch initiation ranges. Sixty five percent of all 
productivity losses involving recycling decisions occurred 
after June 10. As mentioned earlier, and evident in the 
discrepency between the contributions of some forces to 
mortality and productivity loss, mortality alone is not a 
reliable indicator of the ultimate effect of an agent on the 
population, but is only important as it interacts with some 
replacement constraint. This is not to say that lost 
reproductive investment due to mortality will not ultimately 
affect longevity and hence future reproductive expectations.
SECTION 3 
Time Boundaries in Breeding
Introduction
In general, most organisms may exist in several distinct 
states as defined by their metabolic, physiological and 
behavioral processes (Cohen 1967). Life history tactics or 
strategies are formed by the ordering of state transitions, 
the timing of which is a product of Darwinian natural 
selection. In variable environments, state changes should 
coincide with times when fitness yields would be improved by 
such changes, ultimately forming life histories best adapted 
to long lived environmental patterns (Stearns 1976).
Probably the most intriguing state transition is that 
between somatic and reproductive growth. Many workers have 
examined this transition in an attempt to unravel proximate 
and ultimate explanations for its timing with respect to 
yearly cycles (Cohen 1976, Davies and Lundberg 1985, Dhondt 
et al. 1984, El-Wailly 1966, Ewald and Rohwer 1982, Green et 
al. 1977, Hogstedt 1981, Jones and Ward 1976, Kallander 
1974, Noordwijk et al. 1981, O'Connor and Morgan 1982, 
Patterson 1965, Perrins 1970, Thompson et al. 1986, Yom-Tov 
1974, etc.). Though situational commonalities have been 
discussed, specific explanations generally only apply to 
individual species. Breeding populations located in extreme
-3 6 -
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latitudes are subject not only to initial time boundaries 
which define the onset of reproductive effort but also those 
which signal its cessation (Thompson et al. 1986). It is 
assumed that the window of time contained within these 
boundaries is the only time throughout the year when expected 
reproductive returns exceed investment costs. Because of 
this, the breeding season has been suggested to be formed and 
maintained by centripetal selection against early and late 
breeders.
For various reasons, many species are confined to a 
single breeding attempt per season whether successful or not. 
This constraint is common in species breeding in areas where 
very harsh environmental conditions (Byrkjedal 1980, Green et 
al. 1977, Oring and Lank 1982, Turner 1982), predation 
pressures (Pienkowski 1984), or a short lived food supply 
(Harris 1969, Nelson 1964) enclose a time period which 
approximates that necessary for the development of young to 
independence. In these situations, valuable time lost in an 
unsuccessful first attempt (especially when the majority of 
mortality occurs in later developmental stages) precludes the 
possibility of successfully raising young in the second. 
Investment costs imposed by futile late attempts may reduce 
longevity and so jeopardize opportunities for reproduction in 
future years (Andersson et al. 1980, Sargent and Gross
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1985). Here behavioral options are limited by an abrupt 
terminal time boundary making decision rules clear and 
unconfounded.
The determination of terminal time boundaries and their 
interactions with mortality factors becomes much more complex 
where the acceptable breeding interval exceeds the time 
period needed for development and the average expected return 
over investment costs gradually declines to an unprofitable 
threshold. The purpose of this section is to evaluate 
methods for defining time horizons in breeding, to examine 
constraints imposed by activity periods, and finally to 
compare these results and their implications to work 
previously done by others on breeding time constraints.
Time Boundaries in Breeding
It has been suggested that selective forces which shape 
nesting season length ultimately act most intensively on the 
timing of clutch initiation when the original investment 
committment is made (Darling 1938, Perrins 1969). Since it 
is reasonable to assume that selection has at least partially 
adapted heron breeding to time thresholds, it may by feasible 
to estimate the time available for laying using clutch
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initiation dates directly. Ranges of clutch initiation dates 
for each year are presented in Fig. 3.1. If 90% ranges are 
used to eliminate extreme outliers then the mean of the 10 
individual yearly intervals is 46.8 + 12.52 days. Due to the 
variation in arrival dates between years (means between March 
28 and April 11? 10 year X = April 3 + 5 days) and the
exceptionally early success in some years, this is likely an 
underestimate of the long term range in available time. To 
correct for this, data were combined to form a composite 95% 
interval (64 days) which conservatively estimates the total 
10 year range of acceptable time available for clutch 
initiation (Fig. 3.2).
The most convincing argument for the existence of 
terminal time boundaries in breeding and heron adaptation to 
them is found when evaluating recycling decisions over time. 
Upon losing an entire clutch or brood, pairs must make 
decisions regarding further investment. Pairs should be 
selected for ability to make prudent decisions reflecting the 
probability of successfully raising young. A significant 
negative trend is observed with time in the proportion of 
pairs recycling following complete losses in different time 
periods (r = .957, Y = -.014X + 1.15, P < .001). Due to
multiple losses, some pairs were faced with successive 
decisions, introducing the possibility that later decisions
Fig. 3.1. Range of clutch initiation dates by 
year. Solid circles enclose 50% of the range, open 
circles enclose 90% of the range and marks indicate 
the median.
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Fig. 3.2. Ten year composite range of clutch 
initiation dates. Circles enclose 95% of the dates 
and the mark indicates the median.
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may be biased by energetic stress on the female. A reduction 
in the proportion of pairs recycling after repeated 
disturbances is evident (first replacement = 75.3%, second = 
42.4%, third = 20.0%). However, a stepwise evaluation of
these separate decisions with time reveals a striking time 
effect (Fig. 3.3). In all groups the proportion of pairs 
which recycled was significantly higher before June 10 than 
after June 10 (first replacement P < .001, second P < .01, 
third P < .05, Fisherfs Exact Test for Independence). This 
trend indicates that early to mid June may represent a 
transition time beyond which investment in new young may not 
be cost effective. The reduction in the replacement 
proportion with clutch number discussed earlier appears to be 
an artifact associated with the time delay between clutch 
losses, rather than energetic stress on the female. This 
conclusion is supported by 10 females which' produced in 
excess of 10 eggs over the laying period and 1 which produced 
15 eggs in 44 days. If energy were constraining egg 
replacement, one would not expect this high degree of egg 
production.
In migratory bird species, migration dates mark points 
in time beyond which remaining may adversely affect 
reproductive potential in spring or survival in fall. These 
dates are generaly determined by climatic trends on localized
Fig. 3.3. Recycling decisions by recycle 
sequence. Black bars represent the number of pairs 
which did recycle and the open bars represent those 
pairs which did not recycle.
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breeding grounds. More importantly here, these dates along 
with species-specific breeding strategies may ultimately 
dictate time boundaries for prudent reproductive investment 
in some species. Although local migration dates are not 
known for yellow-crowned night herons, northern populations 
are believed to leave in early September (Hancock and Kushlan 
1984).
To investigate the possibility that migration dates and 
necessary activity periods act together to constrain the time 
available for laying, the duration of breeding activities and 
colony occupation were measured. The mean duration of each 
activity period (establishment = 9.8 days + 7.92 S.D., nest
building = 10.5 + 9.62, incubation = 27.8 + 2.66, brooding =
36.9 + 6.59, post-fledging = 20.1 + 6.89) which together span 
the colony occupation time are presented in Fig. 3.4. The 
organization of these periods along with the range of site 
occupation is shown in Fig. 3.5. If the latest acceptable 
laying dates are between June 10 and June 15, as suggested by 
the recycling and clutch initiation data, then the addition 
of necessary incubation and developmental periods results in 
a range of colony abandonment dates from September 3 to 
September 24. This range approximates reported leaving dates 
for northern populations of this species (Hancock and Kushlan 
1984) .
Fig. 3.4. Mean duration of breeding activity
periods. Single lines represent 1 standard
deviation.
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Fig. 3.5. Temporal organization of breeding 
activity periods. Bars enclose 90% of the days 
when these activities occurred.
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Time Boundaries in Breeding
Determination
Much research has been devoted to the evaluation of 
laying dates in synchronous breeders. Work has focused on 
the selective forces and ultimate benefits proposed to shape 
this behavior. It seems pertinent to evaluate methods which 
may be used to decipher initial and terminal boundaries in 
time. Of the methods used for this species it appears that 
recycling decisions best define terminal boundaries. Closely 
associated with these are clutch initiation ranges. The 
disadvantage with initiation ranges is that no proportional 
change in decisions can be shown. Temporal patterns in 
productivity losses may reflect decisions but are masked by 
other replacement constraints. These constraints must be 
known to utilize this method and very often confound observed 
trends. Finally, a combination of migration dates and 
necessary activity periods is only helpful in migratory 
species where laying and brooding periods are independent of 
food supply.
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Boundary Implications
Perrins (1966, 1970) has suggested that the laying
period in great tits and Manx shearwaters has been adjusted 
so as to insure that the hatching period occurs when food is 
most abundant. With few exceptions other researchers have 
collected data in support of this idea for various species. 
Perrins has further suggested that the food supply is 
temporally abundant (Fig. 3.6) so that reduced availability 
late in the season acts to select against young hatching at 
this time. This selection along with the amounts of food 
needed by females for egg production has been proposed to 
limit the laying period by boundaries imposed by energetic 
constraints.
Due to the unique nature of the food supply utilized by 
yellow-crowned night herons, other considerations come to 
light. It appears that migration dates and possibly even 
winter ranges may be defined by the availability of crabs as 
forage items. Crabs emerge from hibernacula in early spring 
and recede in early fall. It was observed in several years 
that herons return within a few days of crab emergence in 
spring. Because crabs rapidly emerge with warm temperatures, 
their availability as food rises from below subsistence 
levels to above that needed to raise young in a very short
Fig. 3.6. Hypothetical relationship between food 
supply, date of laying and date of young becoming 
independent. The curve shows level of food 
abundance against (i) the food required for general 
body maintenance and (ii) the food required for egg 
formation, line X the time required for forming and 
laying eggs and incubating these to hatching. Line 
Y represents the time taken to raise young to 
independence.
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time period. Crabs remain abundant with insignificant 
fluctuations throughout the summer until returning , (Colby & 
Fonseca 1984). hibernation over a similarly short time 
period (Camen et al. 1984).
The constancy of crab availability throughout the summer 
indicates that the timing of aceptable laying and subsequent 
brooding periods is independent of food supply. It seems 
more likely that early laying dates are determined by the 
interaction between times of arrival and necessary pre-laying 
periods. This was indicated in the data by the immutability 
of the pre-laying period and the significant relationship 
between laying and arrival dates. It also seems likely that 
the terminal time boundary is adjusted to the latest date 
where the remaining time before migration is sufficient for 
the development of young to independence. This conclusion is 
supported by the close approximation of departure dates which 
was reached by the addition of post-laying activity periods 
to the proposed transition period.
Based on these results for this species, I propose the 
following modifications of the Perrins (1970) model , for 
northern populations of yellow-crowned night herons, to 
include the operative factors defining the entire laying 
period (see Fig. 3.7). The initial boundary for early 
laying is determined by the arrival date corresponding to the
Fig. 3.7. Relationship between food supply, 
migration dates, activity periods, and clutch 
initiation periods. The curve shows the level of 
food abundance against (i) the food required for 
body maintenance, and (ii) the food required for 
laying eggs. Line a represents the pre-laying 
period, bound by arrival and egg laying. Line b 
represents the time available for clutch initiation 
bound by the pre-laying period and the latest date 
feasible to allow for adequate young development. 
Line c represents post-laying activity periods 
including incubation, brooding and post-fledging. 
Line X represents the incubation period. Line Y 
represents the range of time available for young 
development bound by earliest hatching dates and 
leaving dates.
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food abundance needed for body maintenance, and the necessary 
periods of establishment and nest building, together shown as 
line a. The terminal boundary for late clutches is 
determined by the departure date also corresponding to the 
food abundance needed for body maintenance, and the post 
laying activity periods which are together the time necessary 
for adequate young development. The time between these two 
boundaries (b) is the time interval within which clutch 
initiation would be expected. Line X represents the duration 
of incubation which defines the earliest possible hatching 
dates. Line Y represents the total time available for 
brooding young before food abundance drops to below that 
needed for body maintenance.
The initial and terminal boundaries to laying do not 
appear to be energetically determined, at least not in terms 
of the available energy. It could, however, rightfully be 
argued that the migration dates are ultimately energetically 
determined and so laying dates are indirectly affected in 
this way. It should also be stated that the difference in 
boundary formation proposed in no way contradicts the 
suggestion that the brood is hatched at the time when food is 
most abundant, but rather that, in this species, this period 
extends for an unusually long time in relation to summer 
occupation.
SECTION 4
Integration of Mortality Effects and Their Interactions
Introduction
Over the previous three sections, general forces which 
may potentially have effects on productivity have been 
separated into their most basic constituents. The impacts of 
these constituents on productivity, and their interactions 
with both other components and or reproductive constraints 
have been discussed. With this knowledge it is now possible 
to expand the original breeding model to include these factor 
interactions (see Fig. 4.1). The purpose of this section is 
to examine specific relationships between forces and 
replacement constraints, in an attempt to gain further 
direction in this investigation.
Description of Inter-compartmental Flows and Their Feedbacks
1. Energy Accumulation 
Egg production, which ultimately determines the 
production potential, is dependent on energy acquired from 
the prey population. In northern breeding areas, this energy 
flow is indirectly temperature dependent in that the 
availability of crabs is dependent on the mean daily
-53 -
Fig. 4.1. Conceptual model of all interactive 
forces affecting productivity. Solid lines
represent inter-compartmental flows and dashed
lines represent feedbacks on flows.
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temperature (Crane 1975). This flow is also directly
dependent on the functional response of the herons, as
foragers, and so is recipient-controlled.
2. Egg Production 
When adequate energy has been stored for egg formation,
eggs are produced and will continue to be produced until
inhibited by either an endogenous or exogenous constraint. 
Endogenous constraints include clutch completion and female 
reproductive state, as in the case of partial clutch or brood 
losses. Although energy has been shown to be an exogenous 
constraint in several species, time appears to be of greater 
importance in this population of yellow-crowned night herons. 
As shown earlier, it appears that time boundaries in breeding 
are formed by the interaction of time necessary for young 
development and energetically determined migration dates. 
All replacement constraints act as negative feedbacks on egg 
flow. Complete clutch mortality caused primarily by 
predation, but also much less frequently by winds, acts as a 
positive feedback on egg production. When no intact eggs or 
young remain in the nest after a loss, the female is released 
to resume egg production by means of recycling.
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3. Development from Eggs to Young 
The flow of eggs to young is completely donor-controlled 
though the efficiency of transfer is dependent on the losses 
to predation, wind and natural causes. Predator-related 
losses are recipient-controlled and dependent on both the 
numerical and functionalaresponse of the predator involved. 
Defense by parents negatively effects flows to predators, the 
amount of which is also predator dependent. Losses to wind 
storms are recipient-controlled and are extremely variable 
with season. Eggs are also lost due to other natural causes. 
These losses are a donor-controlled and most likely in some 
way effected by the parents themselves.
4 Development from Hatching to Fledging 
The flow from hatching to fledging is also completely 
donor-controlled. The losses occurring in the pre-fledging 
young population ultimately determine how many young of those 
hatched will successfully fledge. Predator-related losses 
are recipient-controlled, but the young act as negative 
feedbacks on this transfer. As young mature they are less 
likely to be taken presumably due to their size and to a 
lesser extent, self defense. Wind losses are erratic and 
completely recipient-controlled by the occurence of violent 
weather. Natural losses are donor-controlled, and may be due
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to either the parents or to the young themselves.
Discussion
As discussed in section two, it is clear that losses to 
productivity are not due to mortality alone, but to the 
interaction of mortality losses with some constraint on 
replacement. These constraints serve to impede egg flows 
initiated by egg or young mortality. Because productivity 
losses only occur as a result of non-replacement, further 
investigation should center on the feedbacks directly 
effecting this flow.
Of the two negative feedbacks on replacement shown to 
act in this population, female state is the most predictable 
and best understood. One hundred percent of all partial 
losses effect productivity because recycling is inhibited by 
remaining eggs or young. Because of this simple one to one 
relationship, no further investigation of this interaction 
seems warranted.
Productivity losses resulting from complete clutch or 
brood losses are much less predictable and dependent on an 
exogenous constraint. A more complete understanding of how 
mortality affects productivity may be gained by a thorough
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evaluation of this interaction. The following section is an 
attempt to investigate the losses in productivity as a result 
of the interaction between time and predation.
SECTION 5
Hatching success and the temporal organization 
of laying and predation
INTRODUCTION
In previous sections the timing of transitions between 
somatic and reproductive growth was discussed. In the 
population of yellow-crowned night herons observed, it 
appears that the ultimate limits of initial investment are 
determined by the interaction of migration dates with 
necessary activity and developmental periods. It also seems 
evident that terminal rather than initial boundaries to 
laying are most important to productivity in that all losses 
beyond them are not replaced.
An analysis of mortality causes revealed that predation 
was responsible for the largest portion of egg losses. These 
losses affected productivity in three general ways. First, 
crows often took only a fraction of the clutch present so 
that recycling or replacement was inhibited by remaining 
eggs. This type of productivity loss was completely 
independent of time. Partial clutches were not replaced 
regardless of time in season. Secondly, non-replacement 
often resulted from a single complete clutch loss. These 
losses were not significantly time related though, as 
mentioned earlier this may be misleading as many of these 
pairs left the colony early and so could potentially have
-59 -
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renested elsewhere. The third type of predator-related 
productivity loss was caused by multiple complete losses 
which ultimately resulted in non-replacement beyond proposed 
time boundaries. The impact of this loss on productivity was 
significantly time related. Forty nine percent of all 
predator-related losses to productivity resulted from this 
pattern, indicating that the displacement of pairs into an 
unacceptable time period for laying was the major cause of 
productivity reduction by predators.
These results indicate that productivity losses are not 
only dependent on the timing of final predation bouts, but 
also on earlier bouts occurring within acceptable periods 
which serve to delay pairs. For this reason it is possible 
that the temporal organization of laying and predation bouts 
within acceptable time boundaries may be important in 
determining how much productivity is lost to predation. 
Because this interaction directly bears on replacement, it is 
further possible that organizational differences between 
years may explain some of the yearly variance in 
productivity.
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The Fraser Darling Effect
Since Darling's monumental work in the 1930's the most 
studied and highly controversial organizational phenomenon, 
with respect to egg laying and predation, has been the so 
called Fraser Darling Effect (1938). Darling hypothesized 
that in very large bird colonies laying synchrony would 
result in a reduction in the time young were vulnerable to 
predators by shortening the time span of hatching in the 
colony. Darling worked with herring (Larus argentatus) and 
lesser black-backed (Larus fuscus) gulls where the major 
losses to predation occurred shortly after hatching. Based 
on observational data, he reasoned that the large number of 
chicks present at peak hatching in synchronous colonies would 
soon swamp or satiate predators. The satiation effect would 
result in a smaller proportion of the total young crop taken 
as compared to colonies hatching young over a longer time 
period. The proposed hypothesis predicts a negative 
relationship between the degree of synchrony and the number 
of young lost to predators. This prediction is contingent 
upon the realization of three inherent conditions.
The first of these conditions is that no predator 
recruitment may occur. If the predator population exibits a 
numerical response, then an influx of new predators at peak
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hatching could potentially devastate so concentrated and 
vulnerable a food supply. The second condition is that the 
predator involved must exhibit a type 2 functional response 
as shown in figure 5.1, and that peak hatchling density is 
greater than that expected for efficient prey utilization. 
The third condition is that predation pressure is fairly 
constant throughout the nesting season. This would insure 
the maintenance of synchrony by selecting against pairs 
nesting significantly before or after the majority of pairs 
in the colony.
Though much evidence has been presented which is 
constistent with Darling's predictions (Ashmole 1963, 
Nettleship 1972, Nisbet 1975, Patterson 1965, Robertson 1973, 
Snow & Snow 1968), it was realized from the onset that the 
predation-related advantages of synchronous laying are not 
due exclusively to predator satiation in all species (Kruuk 
1964, Williamson 1949). Synchronous laying in species which 
utilize collective mobbing, for example, may receive benefits 
at colony sizes seemingly well below satiation levels (Austin 
1946, Curio 1976, Kruuk 1964).
The principal problem of studies attempting to 
investigate the direct relationship between the degree of 
laying synchrony and predation losses has been the difficulty 
in controlling for the many other confounding variables which
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also affect predation losses. These include anti-predator 
behavior, colony size, pair experience or age, numerical and 
functional predator responses, the timing of laying, the 
timing of predation, and losses other than those due to 
predation. The inability of researchers to control for these 
confounding variables, in many cases, makes the separation of 
cause and effect very difficult. The presentation to follow 
uses a computer simulation model, derived from breeding and 
predation data collected over a 10 year period on a 
residential yellow-crowned night heron colony, to examine the 
predation-related advantages resulting from the timing and 
synchrony of laying. This approach permits the elimination 
of confounding variables while also allowing for the 
independent manipulation of the timing and distribution of 
laying relative to specific predation pressures.
The Model
A deterministic computer simulation model was designed 
and constructed to investigate the result of changes in the 
organization of laying and predation with respect to breeding 
time boundaries. The model was constructed based on
Fig. 5.1. Type two functional response, where (A) 
shows the relationship between the number of young 
taken by predators and colony size or young density 
at hatching, and (B) shows the relationship between 
the proportion of young available that are lost to 
predation and young density or colony size.
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parameters obtained from the Darden data and designed to 
reflect temporal interactions involving complete clutch 
losses attributed to predation as previously discussed (see 
sections 2,3 and 4). Programming was organized to allow for 
the independent input of laying and predation strategies in 
time. A conceptual model showing compartmental organization 
and inter-compartmental flows is presented in Fig. 5.2.
Simplifying Considerations
The modeling process was made more manageable by the
realization that with this species, predators interact only 
with the egg population. Pairs in the colony are only 
involved in the process in that they determine the initial
input into the system and dictate whether or not, when, and 
to what extent the population will be replenished after 
reduction by predators. These are all parameters which can 
be predicted using trends in the data. Subsequently, the 
status of the egg population at any point in time is a 
function of the initial input, how many eggs, of those
removed, remain unreplaced and how many eggs have matured
enough to enter the brood population.
Fig. 5.2. Compartmental design showing possible 
inter-compartmental flows. Compartment types are 
as follows: C - colony, T - 4 day time period, B -
brood storage, B.R. - brood reduction constant, F 
- fledglings.
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Time Parameters
All time parameters are estimations based on means, 
temporal ranges or linear fits to relative data. The 
duration of the incubation period was estimated at 28 days 
based on a mean of 27.8 + 2.66 calculated from 119 periods 
recorded (see fig. 3.4). A 10 year composite 95% range of 
clutch initiation dates was used to estimate the time 
available for clutch initiation. This range encloses 64 days 
as discussed earlier (see fig. 3.2). The span of time used 
for the laying of initial clutches was determined using a 10 
year 100% composite range. This time span was 48 days (see 
observed initial clutch dates shown in Appendix E) and used 
to set the time frame available for initial input into the 
system. The time needed for recycling was found to be 
significantly affected by clutch age and so was estimated 
using a linear regression equation (r = .512, P < .05, Y = 
.2X - 7.85 days) relating clutch age and recycling time (see 
fig. 5.3).
Predation Parameters
Several different possible relationships were 
investigated to determine which were the best predictors of
Fig. 5.3. Removal process as discribed in text. 
(Y = .27X - .315, estimation of removal and
availability relationship, Y = -6.3X + 71.1,
estimation of predation frequency and egg age 
relationship).
Available Age Distribution
Sum X
Y = .27X -  .315
Removed Y
Age Distribution of Removal
Y = -6.3X +71.1
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the amount and distribution of eggs to be removed. These 
included relationships between the amount and proportion 
taken and time in season, egg age distribution, eggs 
available, number of clutches present and number of egg ages 
present (defined as the time since clutch completion). The 
best predictor of the number of eggs to be removed during a 
predation bout was the number of eggs available (r * .587, P 
< .001, Y = .27X - .315). This regression equation was used 
to estimate the result of a predator encounter. The actual 
eggs to be removed of those present is best estimated by the 
probability density under the regression equation relating 
egg age and predation frequency (r = -.880, P < .01, Y = 
-6.3X + 71.1) see Fig. 5.4. The proportion of eggs which 
are replaced is time dependent (fig.5.5). This relationship 
was used to estimate the number of eggs to replace at any 
point in time (see fig. 5.6). No eggs were recycled after 
64 days.
Temporal Organization
As shown in Figure 5.2, all parameters were organized 
around 24 four-day time compartments or a 92 day period. The 
time period between compartments 1 and 12 (48 days) was the
Fig. 5.4. Relationship between the number of eggs 
lost to predation and egg age. Egg age is defined 
as the time passed since clutch completion.
A0N3n03Hd
Fig. 5.5. Relationship between the proportion of 
pairs which replaced eggs after a complete loss and 
the time in season.
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Fig. 5.6. Replacement process as discussed in 
text. (Y = -.0139T + 1.15, estimation of time and 
recycling probability relationship, t = .2X -7.85,
estimation of recycling time and egg age 
relationship).
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Y = -.0139T +1.15 
where 
T = time in season 
Y= proportion to replace
Removed Z
Z x Y =
T+t
H
t =  .2X -7.85
X =  egg age
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designated range of time available for initial imput, with 
compartment 16 (day 64) the last possible time period for 
recycling. Periods beyond 16 are developmental time periods 
for eggs laid at time 16. At the end of time 23 all eggs 
have completed development to hatching or have been taken by 
predators. Within each four-day time compartment is an array 
of 7 subcompartments each designed to contain a single age 
class, so that at any point in time the age distribution of 
the egg population is known. Eggs aging beyond period 7 are 
moved from the egg population to the brood storage 
compartment. A coefficient of 0.82 was used to estimate the 
proportion of hatchlings surviving to fledging age. This 
value is the mean transfer efficiency from hatching to 
fledging (0.82 + .212, ranging between 0.26 and 0.96) based 
on the ten years observed.
Removal and Replacement Processes
In periods when predation occurs, eggs are removed using 
a series of regression equations which estimate trends in the 
data. As shown in Figure 5.3, all eggs present are first 
summed and then entered into equation relating egg 
availability and number to be removed. Before removal all
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subcompartments are checked for occupation by individual age 
classes. The number of eggs to be removed are taken from age 
classes present in the proportions dictated by the area of 
each age class under the regression line relating egg age and 
predation frequency.
The proportion of removed eggs to be replaced is time 
dependent. As shown in Fig. 5.5, this proportion is 
calculated by entering the current time period into the 
regression equation relating time in season and the 
probability of recycling. The resulting proportion is 
multiplied by the total number removed to determine the 
number to be recycled. Because no relationship between 
recycling probability and egg age was evident, eggs to be 
recycled of those removed are chosen randomly. The 
distribution in time of those eggs chosen to be replaced is 
dependent on age. The reappearance of eggs in the population 
is calculated individually by the regression equation 
relating egg age and the length of the recycling interval.
Programming
The model was programmed in Fortran 77 to be compiled 
and executed on a prime mainframe computer (complete program
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is shown in Appendix B). The program was structured to 
receive an array of 12 numbers representing the initial 
clutches and their temporal distributions. Along with the 
array of eggs input, a seguence of 23 predation coefficients 
was also used to indicate the occurrence of predation in each 
available time compartment. When a 0 was used no predation 
occurred during the 4-day time period. The use of a 1 in a 
particular time compartment initiated the sequence of removal 
and replacement described earlier. The model was further 
programmed to output the initial egg distribution and 
predation strategy used, the number of eggs available for 
predation in each time period and their age distribution, the 
number removed by predation in each time period, the number 
to be replaced of those taken, the number of eggs hatching in 
each time period, the total number of eggs lost to the 
system, the total number of eggs hatching over the season and 
the number of those hatched which eventually fledged. This 
information allowed the predation interaction to be tracked 
through time in each simulation.
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Manipulations
General Considerations
In all simulations performed here colony size was eliminated 
as a variable by using a 20 pair colony with each pair
initially contributing 4 eggs to the system. Because only
egg predation was examined here, the number of eggs hatched, 
not fledged, was used as an indicator of success. The degree 
of success was measured in two ways. The first method used
was termed the realized success and was calculated by
dividing the number hatched by the total production potential 
of the colony. Because each pair could at best only hatch a 
maximum of 4 young, the production potential of the entire 
colony was 80 young. The second method used was termed the 
production efficiency and was calculated by dividing the 
number of young hatched by the total number of eggs produced 
throughout the breeding season. In all simulations more than 
80 eggs were actually produced due to recycling when losses 
occurred.
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Effects of Laying Distribution on Hatching Success
The effect of laying distribution on hatching success 
was investigated by using a series of 4 treatments where only 
the dispersion of laying around the mean was altered. The 
standard deviation around the mean was used as an index of 
the distribution and was varied between 4.03 and 13.5 days 
(all distribution treatments used are shown in Appendix C). 
Time of laying was eliminated as a variable by holding the 
mean laying date constant at day 24.5. Both predation 
pressure and predation organization were also held constant 
by allowing predation to occur in all time compartments. 
This designation of predation pressure is considerably higher 
than was observed in the colony, but its usage best reflects 
the breeding constraints faced by the heron colony.
The Effect of the Timing of Laying on Hatching Success
The relationship between hatching success and the timing 
of laying was investigated by using a series of treatments 
where the only variable manipulated was the mean date of 
laying. Distributional effects were held constant by using 
only one laying distribution. As before predation pressure 
was allowed to occur in all time compartments. Treatment la
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shown in Appendix C was moved through time, resulting in nine 
separate treatments of initial mean laying date which ranged 
From 8.5 to 40.5 units of 4 days (all time treatments are
shown in Appendix D). As presented in Appendix E, this
degree of initial clutch synchrony is exaggerated when 
compared to that observed in most years. It was used because
the entire distribution could most easily be moved through
time, and because of the distributions used it proved the 
most productive (fig. 5.7).
Results
As shown in figure 5.7, a significant positive 
relationship was found between the degree of synchrony and 
the realized hatching success (P < .05, r = -.9892, y =
-.015X + .358). This is consistent with Darling's original
prediction and suggests that under severe predation pressure 
synchronous laying is advantageous for this species. It 
further indicates that colony organization with respect to 
laying distribution within breeding time boundaries is 
important in determining breeding success. A significant 
positive relationship between production efficiency and the 
degree of laying synchrony was also observed (P < .01, r =
Fig. 5.7. The relationship between both realized 
success (P < .05, r = .9892, Y = -.015X + .358) and 
production efficiency (P < .01, r = .9949, Y =
-.011X + .255) and the standard deviation of laying 
about the mean laying date. Each data point 
represents one simulation.
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HATCHING SUCCESS
.3 2 5 -
Y=-.015X + .358 
r =  .9892
.2 7 5 -
.2 2 5 -
.175-
.125 -
Y= -  011X + .255 
r= .9949.20-
.15-
.10-
10.06.0 14.02.0
Standard Deviation
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-.9949, Y = -.011X + .255, see Fig. 5.5). This indicates
that not only overall success was reduced by increasing the 
span of laying, but also that fewer breeding efforts, of 
those attempted, were successful.
There was no appreciable reduction in the realized 
success with laying date until laying was moved beyond day 24 
(see Fig. 5.8). Beyond this time a significant negative 
relationship between realized success and mean laying date 
was observed (P < .01, r = -.9877, Y = -.01X + .514). This 
pattern seems to suggest that day 24 may be some critical 
date beyond which the number of eggs lost far outweigh those 
replaced. As shown also in figure 5.8, the production 
efficiency increases with mean laying date until reaching a 
peak at day 24 and then steadily declines to its lowest point 
at day 40. This evidence suggests that day 24 is the optimal 
mean laying date for this laying distribution and predation 
pressure. No advantage in terms of the realized success is 
gained by laying before day 24 while reproductive effort is 
lost by doing so.
Fig. 5.8. The relationship between both realized 
success and production efficiency and the mean date 
of laying. Each data point represents one 
simulation.
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HATCHING SUCCESS
.3 2 5 -
.2 7 5 -
.2 2 5 -
.175-
.22-
.18-
.14-
40 .532 .524 .58.5 16.5
Mean Laying Date
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Discussion
The population of yellow-crowned night herons observed 
did exibit synchronous laying as shown in figures 3.1 and 3.2 
and as evidenced by the initial clutch distributions shown in 
Appendix E. The relationship between hatching success and 
the degree of synchrony produced through simulation is 
clearly consistent with the predictions proposed by Darling?
however they are not the result of predator satiation.
Conditions inherent to the Darling hypothesis relating 
synchrony, colony size and predator swamping were not met in 
this population. Here, colony size was comparatively small,
ranging from 19 pairs in 1961 to 5 pairs in 1969. This range
of colony size is well below the point needed for predator 
satiation as evidenced by the positive, simple-linear 
relationship between the number of eggs taken and the number 
of eggs available (P < .001, r * .587, Y = .27X -.315).
Because the predator response over the observed range of 
egg densities was found to be simple-linear, there can be no 
protection from predation attributed to synchrony in laying. 
This must be true because, since the predator response is 
simple-linear, the probability of being taken at any point in 
time is independent of egg density or colony size. Because 
predation pressure was held constant, the trends in hatching
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success observed must be a reflection of the interaction 
between the natural history parameters.
It is very likely that the downward pattern of hatching 
success shown, with both decreasing synchrony and increasing 
mean laying date, is actually an artifact of the time 
constraints imposed by recycling and the terminal time 
boundary. As with any temporal distribution there is always 
an uncontrollable interaction with time. Though the mean 
laying date was held constant in the first simulation series, 
more eggs were distributed over later dates in some 
distributions. Intitially, the same number of eggs would be 
removed from each distribution, but due to the inverse 
relationship of recycling probability with time, less of the 
later eggs would be replaced. This is most likely the case 
in real situations as well.
These considerations would seem to suggest that under 
severe predation pressures, synchronous laying in 
yellow-crowned night herons would be selected for due to time 
constraints rather than density benefits. Because pairs have 
the same probability of loss, at any point in time and over 
the range of observed densities, those pairs breeding earlier 
would enjoy a greater number of possible breeding 
opportunities should clutch loss occur. Over time, a 
synchronous laying pattern would be formed at the earliest
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efficient time in each year to maximize potential breeding 
attempts. Synchrony could be formed as a time aggregation to 
maximize success over the length of the season and not 
necessarily for the advantage of synchrony itself. This 
prediction is supported by the results of the time simulation 
series.
These suggestions should be viewed with reservation. 
The results presented were obtained under severe predation 
pressures. More field and simulation work is necessary to 
determine real trends in predation organization and 
occurrence. The release of the colony from such stringent 
predation pressures is likely to reduce the advantage of a 
synchonous, early laying pattern. An evaluation of the 
possible selective advantages necessary to cause the 
formation of a synchronous laying pattern is needed.
The significance of these findings is not that 
advantages may be gained from early synchronous laying, but 
rather that in species where the greatest losses to predation 
occur in the clutch stage, and where recycling is frequent 
but time dependent, a synchronous laying pattern may be 
advantageous and formed due to the constraints imposed by the 
interactions of natural history parameters. This is an 
intriguing possibility which is not fully substantiated, but 
which warrants further investigation.
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Appendix A
Results of preliminary food habits study. 
Miscillaneous includes Uca pugilator, Hyas 
araneus, and Emerita talpoida.
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Appendix B 
Computer program for interaction model.
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 O
97
INTERACTION MODEL PROGRAM
INTEGER EGGS<23), STORAGE/ LOSS, PRED(23), SUM, NEGGS,COUNTER, TOTAL 
* NUMEGGS, INTARR<7), RECYCLE(7), OFFSET,NTAKE,REM
REAL PCT(7), PCTAKE 
CHARACTER FILENM*40
COMMON LOSS, EGGS, INTARR,RECYCLE, PCT
DATA <RECYCLE(K) , K=l, 7) /2, 3, 4, 4, 4, 3, 4/
DATA (PCT(K), K=l, 7) /63. , 34. 9, 46. 8, 38. 7, 30. 6, 22. 5, 14. 4/
88 PRINT *, 'OUTPUT FILENAME'
READ(*, '<A)')FILENM
OPEN(09, FILE-FILENM, STATUS*'NEW', ERR-888)
DO 100 1 = 1,23 
EGGS(I)=0 
100 CONTINUE
90 PRINT *, 'FILENAME FOR INPUT DATA'
READ(*, '(A)')FILENM
OPEN(10,FILE=FILENM,STATUS*'OLD', ERR-900)
READ(10,*)(EGGS(I), 1*1, 12)
READdO, *) (PRED(I), 1*1, 23)
ST0RAGE=0 
L0SS=0 
BR00DL=0 
SUM*0 
T0TAL*0 
L0W=1
WRITE (09,700)(EGGS(L), L*l, 12)
WRITE (09, 710)(PRED(L), L*l, 23)
DO 400 1= 1,23
THE EGGS THAT ARE GREATER THAN 7 TIME PERIODS OLD ARE MOVED OUT 
OF THE EGGS ARRAY TO A STORAGE COMPARTMENT.
IF (I.GT. 7) THEN
O
D
D
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STORAGE=STORAGE + EGGS<I-7> 
EGGS(1-7)=0 
LOW ■ LOW + 1 
END IF
SUMPCT = 0. O 
ICNTR= <1 - LOW) + 1 
ICTD = ICNTR
C THE AVAILABLE EGGS ARE COUNTED AND SUMS THE PERCENTS AVAILABLE
DO 500 J=LOW, I 
SUM=SUM + EGGS(J)
IF (EGGS(J). GT. 0) SUMPCT - SUMPCT + PCT(ICTD)
ICTD = ICTD - 1
500 CONTINUE
THE NUMBER OF THOSE AVAILABLE THAT WILL BE REMOVED IS BASED ON TWO 
FACTORS. 1- WHETHER PREDATION OCCURS IN THIS TIME PERIOD
2- THE FORMULA —  0. 26961*NUMBER OF EGGS AVAILABLE -0.31512
NEGGS=N I NT (PRED (I) * (0. 26961 * SUM - 0.31512))
NEGGS=ABS<NEGGS)
NUMEGGS=NEGGS 
CALL CLEAR(INTARR)
IF (NEGGS. EQ. O) GOTO 650
CALCEGGS * NEGGS 
11 ICTD - ICNTR 
REM = 0
DO 12 KL=LOW, I 
IF (EGGS(KL). GT. 0) THEN
PCTAKE = PCT(ICTD) / SUMPCT 
NTAKE = NINT(PCTAKE * CALCEGGS)
CALL REMOVE(EGGS<KL), NTAKE, REM, ICTD)
END IF
ICTD * ICTD - 1 
12 CONTINUE
99
650
400 
C TO
888
900
700
710
720
730
740
999
IF (REM. GT. 0 ) THEN 
IF (REM. LT. 7) THEN 
CALL REMAINS(REM)
ELSE 
CALCEGGS - REM
CALL SUMS(SUMPCT, LOW, I, ICNTR)
GOTO 11 
ENDIF 
END IF
IF (I.LT. 14) THEN 
CALL MOVEGGS(I)
ELSE
LOSS = LOSS + NUMEGGS 
ENDIF
WRITE(09, 720)I, STORAGE, SUM, NUMEGGS, LOSS, PREDCI)
WRITE(09,730)(EGGS(L), L*1, I)
SUM* O 
CONTINUE
ADJUST THE TOTAL FLEDGLINGS 
TOTAL * NINT(STORAGE * . 8)
WRITE(09, 740) STORAGE, TOTAL
GOTO 999
PRINT *, 'FILE ALREADY ON YOUR CATALOG'
GOTO 88
PRINT *, 'FILE NOT THERE - TRY AGAIN'
GOTO 90
FORMAT(IX, 'EGGS', 12(2X, 12))
FORMAT(IX, 'PRED', 23(2X, II ) )
FORMAT(IX, 'TIME2X, 13, 2X, 13, 2X, 13, 2X, 13, 2X, 13, 2X, 13) 
FORMAT(IX, 'EGGS AV',23(2X, 13) )
FORMAT (IX, 'HATCHLINGS', 2X, 13, 5X, 'TOTAL FLEDGES ', 2X, 13) 
CLOSE(09)
CLOSE(10)
STOP
END
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SUBROUTINE CLEAR(INTARR)
INTEGER INTARR<7)
DO 10 I = 1*7
INTARR(I>= O
10 CONTINUE
RETURN
END
C *******■«******«*****)*************** ****************** *******•»**•»«* 
SUBROUTINE MOVEGGS(POS)
INTEGER EGGS(23), INTARR(7), RECYCLE<7>, LOSSi TOTAL, PQS 
REAL PCT(7)
COMMON LOSS,EGGS, INTARR, RECYCLE,PCT 
C CALCULATES THE NUMBER TO BE RECYCLED
DO 10 1 = 1,7
CALL PROBCALCCPROB, PQS)
TOTAL = INTARR(I)
INTARR(I)=NINT(INTARR(I) * PROB)
LOSS = LOSS + (TOTAL - INTARR(I))
10 CONTINUE
C MOVES THE RECYCLED EGGS TO THEIR RESPECTIVE TIME COMPARTMENTS
DO 20 1=1,7
EGGS(POS+RECYCLE(I))=EGGS(POS+RECYCLE(I)) + INTARR(I)
20 CONTINUE 
RETURN
101
END
C ***** *************** *** ************************************* **
SUBROUTINE PROBCALCCPROB/ TIME)
INTEGER TIME
Y - - O. 07555 * TIME + 1. 029
IF (Y. GT. 1) Y = 1
IF (Y. LT. 0) Y = O
PROB = Y
RETURN
END
C ****** ******* ********* ** *************** *** ****** ***************
SUBROUIINE REMOVE(ICELL/ NTAKE/ REM/ ICTD)
INTEGER ICELL/NTAKE/REM/ ICTD/ INTARR(7)/ EGGS(23)/ RECYCLEC7)/ LOSS 
REAL PCTC7)
COMMON LOSS/ EGGS, INTARR, RECYCLE, PCT
IF (NTAKE. GT. ICELL) THEN
INTARR(ICTD) - INTARR(ICTD) + ICELL 
REM = REM + (NTAKE - ICELL)
ICELL = 0 
ELSE
INTARR(ICTD) * INTARR(ICTD) + NTAKE 
ICELL = ICELL - NTAKE 
ENDIF
RETURN
END
C *** ****************** ******************************************
SUBROUTINE SUMS(SUMPCT, LOW, HIGH, ICNTR)
Re a l s u m p c t , p c t (7)
INTEGER INTARR(7), EGGS(23>,RECYCLF(7>, LOSS, ICTD, HIGH
102
COMMON LOSS, EGGS/ INTARR/RECYCLE/PCT
ICTD=ICNTR 
SUMPCT = O
DO 10 J=LOWz HIGH
IF (EGGS(J). GT. O) SUMPCT ■ SUMPCT + PCT(ICTD) 
ICTD = ICTD - 1 
10 CONTINUE
RETURN
END
C * # < * * • # * * * * + 4 * * ■ * * * # * * + * * + *  * ** * + * * * * * * * ********** *** 
SUBROUTINE REMAINS(REM)
REAL SUMPCT/PCT(7)
INTEGER INTARR<7)/ EGGS<23>/ RECYCLE(7)/ LOSS/ REM 
COMMON LOSS/ EGGS/ INTARR/RECYCLE/PCT
DO 10 I * 1/ REM
INTARR(I) = INTARR(I) * 1
10 CONTINUE
REM = O
RETURN
END
Appendix C
Distribution of initial input for synchrony 
simulation series.
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Appendix D 
Distribution of initial input for time 
simulation series.
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Appendix E
Distribution of initial clutch initiation 
dates for 10 years of observed data
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